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1.0 Introduction 
1.1 Introduction 
Sealed Lead Acid (SLA) batteries have a variety of uses, from powering wheelchairs and golf 
carts, to supporting solar panels, starting automobiles, and emergency power supplies. For SLA 
batteries, the internal chemistry allows for 2 volts per cell of electrical potential storage when 
fully charged. The most common SLA battery contains 6 cells, thus described as a 12V battery1. 
When properly maintained SLA batteries can provide consistent outputs for 300-500 cycles. The 
difficulty occurs in maintaining the batteries, as SLA batteries typically self-discharge (not 
connected to any load) at a rate of 3% per month2. Due to this, the batteries require periodic 
maintenance charging to keep the charge at or near full.  
There are two main types of chargers for SLA batteries currently on the market. The first type of 
charger is the single-unit charger. These single unit chargers cost around $20-$50 and can charge 
a single battery quickly. The other type of charger is a multi-unit charger. They are more 
expensive than single chargers and usually cost around $60-$100 per charging output. This can 
drive the cost of a multi-unit charger up significantly. How these cost estimates are obtained is 
explained in detail in section 2.4. 
Our goal was to create a multi-charger using a single charging circuit, with an algorithm to 
analyze multiple battery levels, that charges multiple batteries and provides a maintenance 
charge. This type of system would provide a much lower cost solution for charging multiple 
batteries compared to buying multiple single unit chargers, or expensive multi-unit chargers. 
1.2 Project Statement 
The goal of this project was to design and prototype a SLA battery charger for use with multiple 
connected batteries, while maintaining a lower price per output than current multiple output 
chargers in the SLA battery market. To achieve this goal, the following objectives were 
identified: 
● Research Sealed Lead Acid Battery Characteristics 
● Design a Sealed Lead Acid Charging Device Utilizing a Single Charge Controller with 
Multiple Outputs 
● Verify System Functionality Through Extensive Laboratory Integration and Operational 
Testing 
● Prototype the Device as A Marketable Product 
These objectives will be fully discussed in section 3. 
                                                 
1
 BU-403: Charging Lead Acid, April 4th, 2017, 
<http://batteryuniversity.com/learn/article/charging_the_lead_acid_battery>.  
2
 SEALED LEAD ACID BATTERY QUESTIONS, 2016, <https://www.atbatt.com/sealed-lead-acid-batteries/faq>.  
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1.3 Summary 
To summarize, our project will create a product that is a less expensive, more effective charging 
solution for SLA batteries. By utilizing a single charging circuit, we can be more cost efficient 
while providing a quality charge for the batteries. The objectives for our project are laid out to 
accomplish our goals of a finished project.   
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2.0 Background 
2.1 Introduction 
The problem wanted to explore is how to charge multiple SLA batteries with a single charging 
circuit. Single chargers are available, but only charge one battery at a time, while gang-chargers 
are also available, but are expensive due to multiple charging circuits for the multiple batteries 
being charged. Our idea was to create a multi-charger utilizing a single charging circuit to charge 
multiple SLA batteries smartly, completely, and correctly insure full charge and no damage. SLA 
batteries also slowly lose charge over time, so they need to have a maintenance charge, where 
they get topped off at a certain interval of time. Storing batteries at a full charge increases the life 
and value of the battery. 
In this section, we review topics that are important to understanding our system design and 
reasoning behind this project. Topics include SLA batteries, SLA charging methods and charger 
modes, and market research. 
2.2 Sealed Lead Acid Batteries 
SLA batteries are dependable, are inexpensive on a cost-per-watt basis and can be used in a 
variety of applications. There are three types: starters, deep-cycle, and stationary. Starter 
batteries are designed to provide a high current over a short period of time to start a device, such 
as a car, and then is charged by the alternator, which also powers the electrical system of the car 
after the battery starts the car. A starter battery is built with multiple thin lead plates, as shown in 
Figure 2.1. The thinness of the plates increases surface area inside the battery, increasing the area 
available for high current discharges. However, starter batteries can not be fully discharged and 
should be limited to no more than about 30% depth of discharge, or the number of cycles they 
have left will be significantly decreased. 
 
 
Figure 2.1. Inside of starter battery, (batteryuniversity.com) 
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A deep-cycle battery is designed for continuous power delivery, and a higher charge-discharge 
cycle count. They are designed to provide a steady amount of current over a long period of time. 
These batteries are used in devices needing a higher energy capacity and constant current 
delivery over a longer period of time and to a deeper level of discharge. They are designed with 
fewer, but thicker plates, as shown in Figure 2.2. These plates allow the battery to deep-cycle 
repeatedly with a steady supply of current.  
 
 
Figure 2.2. Inside of deep-cycle battery, (batteryuniversity.com) 
 
The last type of battery is the Valve-Regulated Lead Acid battery, or the VRLA. These batteries 
require minimal maintenance and are therefore good for emergency power. These batteries build 
up gas when they are recharged and release the gas through their valves when needed. 
All SLA batteries require desulfating on the plates and all have a limited number of discharge-
charge cycles they can provide before they lose capacity. As shown in Figure 2.3, based on the 
depth of discharge, and the type of battery, the lifetime of the battery can be estimated. 
 
Figure 2.3. Lifetimes of SLA battery depending on depth of discharge, batteryuniversity.com 
2.3 SLA Charging 
Figure 2.4 shows the current and voltage values for each of the three charging stages for the 
charging cycle of an SLA battery. The first stage is called the Constant-Current charge, where as 
the name suggests, a constant current is supplied to the battery. This stage takes up the bulk of 
the charging, as it charges to about 70% and take around 5-8 hours, depending on the depth of 
discharge of the battery. The next stage is called the Topping current. This stage slowly 
decreases the current over the time interval, while slightly increasing the voltage, to give the 
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battery a full charge. This takes about 7-10 hours and is designed to provide saturation to avoid 
sulfation. The last stage is called a Float charge. This is a maintenance charge, as SLA batteries 
tend to self-discharge over time they need to have a trickle charge to counter self-discharge 
losses.  
 
Figure 2.4. Voltage and Current Levels per charge stage, batteryuniversity.com 
2.4 SLA Chargers  
There are two main types of SLA battery chargers, single-unit chargers and multi-bank chargers. 
Each of these charger types fulfil their purposes, but have unique limitations. Single-unit 
chargers, shown in figures 2.5-2. 8, are ideal for rapid charging of batteries and are inexpensive, 
typically $20-$50; however, for consumers with multiple batteries, single unit chargers require 
switching the wires between batteries. 
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Figure 2.5: ≤ 4A Single Battery Chargers, (www.batterystuff.com) 
 
Figure 2.6: 5-10A Single Battery Chargers, (www.batterystuff.com) 
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Figure 2.7: 11-20A Single Battery Chargers, (www.batterystuff.com) 
 
Figure 2.8: ≥ 10A Single Battery Chargers, (www.batterystuff.com) 
From an analysis of one hundred chargers from four different companies, the following chart 
was created (Figure 2.9). The orange line represents the average from the chargers. The trendline 
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from Figure 2.9 shows the average cost for a single-unit charger is around $20 per amp of 
current.  
 
Figure 2.9: Cost v Current for Single-Unit Charger 
Multi-bank SLA battery chargers are used by consumers with multiple batteries and who want to 
charge their batteries simultaneously. These chargers typically contain 4-24 outputs and can 
individually charge as many batteries as outputs, but for each output, the charger bank must have 
a dedicated circuit to control the charging. Each dedicated circuit requires its own current to 
charge a battery. Due to Kirchhoff’s current law, the delivered current from the battery is 
obtained from the same input current, so if a multi-charger is charging 2 batteries at 10A each, 
the total input current needed is 20A. Most single unit chargers don’t even need 20A input, as the 
most single-unit chargers we saw needed less than 8A. We can see the range of prices in Figures 
2.10-2.13. 
 
Figure 2.10: ≤2A Multi-Battery Chargers, (www.batterystuff.com) 
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Figure 2.11: 3-6A Multi-Battery Chargers, (www.batterystuff.com) 
 
Figure 2.12: ≥7A Multi-Battery Chargers, (www.batterystuff.com) 
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Figure 2.13: ≥7A Multi-Battery Chargers, (www.batterystuff.com) 
Repeating the analysis from the single-unit chargers, the cost v. total current relationship was 
similar for the multi-bank chargers, Figure 2.14, as the average cost was $20 per Amp. 
 
Figure 2.14: Cost v Current for Multi-Bank Charger 
In addition to increased current and power, the multi-bank chargers had the unique property of 
multiple outputs. At average, this rate is approximately $100 per output, but there is a standard 
deviation of $48. This trend is shown in Figure 2.15. 
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Figure 2.15: Cost v Outputs for Multi Bank 
2.5 Summary 
General research about SLA batteries was conducted, allowing us to develop a sense of how 
SLA batteries differ from standard lithium-ion batteries, how they need to be charged, and 
different types. Some market research was also conducted, and we were able to determine a price 
point for our final product, were we to sell a prototype. Given that the current market has multi-
bank chargers for $100 per output and single chargers for $20 per amp of current, the suggested 
retail price for the prototype would be $125. 
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3.0 Problem Statement 
3.1 Introduction 
This section presents our detailed project statement, our project goals, and specific objectives we 
wanted to accomplish related to our project.  
3.2 Project Statement 
The purpose of this project was to use electrical and system engineering skills and concepts to 
design and build a multiple output sealed lead acid battery charger. This charger would use a 
single SLA charging circuit to be able to charge 4-8 sealed lead acid batteries. First, it would 
verify the charge in each battery, then use a three-step charge to completely and correctly charge 
the batteries, and finally would check each battery over a certain time interval and provide a 
maintenance charge to top-off each battery. 
3.3 Goals, Objectives, Tasks 
● Research Sealed Lead Acid Battery Characteristics 
● Design a Sealed Lead Acid Charging Device Utilizing a Single Charge Controller with 
Multiple Outputs 
● Verify System Functionality Through Extensive Laboratory Integration and Operational 
Testing 
● Prototype the Device as A Marketable Product 
3.4 Research Sealed Lead Acid Battery Characteristics 
We needed to learn as much about how sealed lead acid batteries function. We wanted to 
assemble information on how the different types of SLA batteries are built, the multiple charging 
steps, and market research of products already available to get an idea of what we could price our 
project at and any features that we could include. 
3.5 Design a Sealed Lead-Acid Charging Device Utilizing a 
Single Charge Controller with Multiple Outputs 
To design a charge controller, we needed to plan and test multiple circuits. They are the charge 
controller, the switching circuit, and the buck converter. The charge controller is a circuit that 
takes an input current, A microcontroller would control which battery was charged by controlling 
the switching circuit and the charge controller.  
These circuits would be assembled in the lab, verified through multiple tests, then assembled into 
onto a final printed circuit board (PCB) for a completed prototype.  
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3.6 Verify System Functionality Through Extensive Laboratory 
Integration and Operational Testing 
 
3.7 Summary 
This chapter introduced our problem we wanted to address. It also discusses our solution to said 
problem and goes into detail about the goals we wanted to accomplish for a successful project.  
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4.0 Design 
4.1 Introduction 
This section describes the progression of the design process. It starts with the high-level design 
and encompasses the reasons why different components were selected. 
4.2 High Level Design 
At the high level, the design contains only four parts: power connection, battery charge logic, 
battery select logic, and power steering and interface (Figure 4.1). The power connection 
component contains the conversion from the 120V AC to DC power for the battery charging as 
well as providing a lower voltage supply for the logic controls. Battery charge logic and battery 
select logic are similar but are distinctly different specialized systems. In the original designs, 
these were combined under one heading, however, the logic blocks vary enough to be considered 
as distinct blocks. 
 
Figure 4.1: High Level Design Diagram 
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4.3 Detail Design 
Elaborating upon the basic block design, specific components were arranged in a functional 
block diagram (Figure 4.2). In this design, the Microcontroller (MCU) is performing the role of 
the battery select logic while the SLA chip is handling the battery charge logic.  
 
Figure 4.2: Functional Block Diagram, Initial Design 
The preliminary design was intended for use with a 12 Input/Output Microcontroller. Due to the 
limited In/Out pins, this design utilized decoders to emulate 8 binary bits. The benefit of this 
design was the simplicity for control and reading the battery voltages, as shown in Figure 4.3. 
The downside of this design was that for the switching output, we decided to use MOSFETs. To 
operate as close to an ideal switch as possible, the MOSFETs required the voltage on the gate to 
be greater than the voltage on the drain. With the switch on the positive side of the batteries, the 
drain would have a voltage up to 15V. Since the logic board can only output 5V, an alternative 
approach was suggested. 
 
Figure 4.3: Switching Circuit, MOSFET High-Side Switch, Design 1 
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The second design was similar to the first, but with the switching output on the negative side of 
the batteries. Additionally, this design was optimized for a microcontroller with more 
Inputs/Outputs without a decoder for the switching output. See Figure 4.4 for the new switching 
circuit. 
 
 
Figure 4.4: Switching Circuit, MOSFET Low-Side Switch, Design 2 
 
The third design, Figure 4.5, is a combination of the first two ideas: a microcontroller with 
input/output pins, positive side switching with different MOSFETs. The 7-segment display is 
added to display relevant information during operations, while the 8:1 multiplexer is added to 
decrease the required number of outputs from the MCU. 
 
Figure 4.5: Functional Block Diagram, Third Design 
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Our fourth and final design for our project was created due to the fact MOSFETs could not be 
used in our design due to the differences between the gate and source voltages. The final design, 
see Figure 4.6, contained two changes from our third design. The first was a reduction to 4 
outputs, and second was a new design for our switching circuit, which used solid state optically 
switched relays, see Figure 4.7. 
 
Figure 4.6: Final Block Diagram  
 
 
Figure 4.7: Switching Circuit Design 
4.4 Component Selection 
All product specifications can be found in the Appendix. 
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4.4.1 Power in Conversion (Buck Converter) 
Microcontrollers need a specific voltage to operate, usually 5 volts. Our power in provides 19V, 
as seen in Figure 4.5, which is too high for the microcontroller. A step-down circuit was needed 
to convert the 19 volt input to a 5 volt output for safe operation of the microcontroller. Figure 4.8 
shows the buck converter utilized in our circuit. It can take the input of 19 volts and be adjusted 
to deliver 5 volts with 1 amp to the microcontroller via USB.  
 
Figure 4.8: Icstation Buck Converter with USB Output 
4.4.2 SLA Charge Control 
To control the charging of the SLA batteries, an integrated charge control chip was selected for 
ease of use. The selected chip is the BQ24450 manufactured by Texas Instruments. This charge 
control chip uses a multistage algorithm designed for optimized charging while preserving the 
quality of SLA batteries. In the simplified schematic, Figure 4.9, there are 7 resistors, 1 
transistor, 1 diode, and 1 capacitor, external to the charge control chip. These external 
components are used to set the charging characteristics for the chip. Using external components 
instead of internal allowed this chip to be integrated into different charger designs as needed. 
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Figure 4.9: Simplified Schematic of BQ24450 SLA Charge Control Chip 
  
To determine the values for the external components for the following calculations were 
performed. Most of the equations and setup were included in the datasheet for the BQ24450, 
with the remaining formulae deducted from circuit analysis. 
Vin 19.2V   
Final Discharge 
Voltage 
1.75V per cell 10.5V V TH 
Float Voltage 2.30V per cell 13.8V V Float 
Voltage in Boost 
Mode 
2.45V per cell 14.7V V Boost 
Charge Rate 0.05C to .3C 1000mA I MAX-CHG 
V Bat(min) 8V   
Trickle Charge Rate 10mA   
Table 4.1: Calculated Values for SLA Charge Control Chip 
 
In addition to the calculated values, the external pass transistor, Qext and the protection diode, 
Dext, were also selected. For the Qext, the BD242 PNP power transistor meets all required 
electrical specifications. For the diode, the RL201-TP power rectifier diode is an easily 
accessible diode capable of rectifying up to 50V at 2A. Both the transistor and diode were 
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chosen for electrical characteristics and for being available in very high quantities on a 
component distributor website. 
4.4.3 Microcontroller 
For the logic control of the design, a microcontroller (MCU) was determined to be ideal due to 
the full system being contained on one chip. For the testing phase, a development board was used 
to interface with the MCU chip for ease in programming. The minimum requirements for the 
MCU was an 8-bit Analog to Digital Converter (ADC) and 12 In/Out pins. Two different MCU 
development boards were analyzed for ease of use. The first had a 10-bit ADC and 12 In/Out 
pins, while the second had a 12-bit ADC and 40 In/Out pins. The board with more pins and ports 
was chosen due to ease of use and the possibility of future expansion. The chosen development 
board is the MSP-EXP430F5529LP, Figure 4.10. This MCU and development board allows for 
simplification and the potential for further expansion. 
 
Figure 4.10: MSP-EXP430F5529LP Development Board 
4.4.4 Switching Output   
To control what battery gets charged, we needed to implement a way to isolate each battery from 
the charging circuit. For this need, we elected to use solid state relays, see Figure 4.11, to isolate 
the batteries from the rail. To analyze the amount of charge on each battery, or to allow a current 
to charge a battery, first the microcontroller would send a voltage signal to the anode of the 
infrared diode in the solid-state relay we wanted to turn on. This allowed the infrared diode 
inside to emit photons, which turned the high performance MOSFET on, and let the load current 
reach the battery to charge or to analyze the current charge level. 
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Figure 4.11: Solid State Relay Optically Switched Relay 
4.5 Detailed Designs 
4.5.1 Charge Control Circuit Design 
For the charge control circuit, we designed a circuit to combine the components to control the 
switching and created the schematic in figure 4.12. On the top is the original reference provided 
in the schematics and on the bottom was the first attempt interpretation with properly arranged 
pinouts. 
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Figure 4.12: SLA Charge Control Circuit 
4.5.2 Full Circuit Design 
Building from the schematic for the charge control, a full circuit schematic was created (Figure 
4.13). 
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Figure 4.13: Initial Design Schematic 
 
Due to some required modifications, this schematic was updated as shown in figure 4.14. The 
modifications include a slight change to the charge control circuit to increase efficiency and 
replacing the 8 nmos chips with 4 solid state relays. The reasoning for these changes is described 
in further detail in chapter 5. 
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Figure 4.14: Final Design Schematic 
4.5.4 PCB Design 
From the schematic, a PCB design was constructed. The design was constructed with 3.8” x 2.5” 
dimensions using the ExpressPCB software3. The design consists of dual copper layers with red 
being the top layer and green being the bottom layer (Figure 4.15). Component placements and 
through-layer pads are also shown to assist with understanding of components. 
                                                 
3 https://www.expresspcb.com/ 
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Figure 4.15: Initial PCB Design Copper Layer (left) & Screen-print with Through-pads (right) 
 
PCB designs were assessed by a PCB manufacturing professional before ordering. Additional 
advice from our advisor was to increase the size of power leads and create screw holes for ease 
of mounting. The second design, figure 4.16, were modified to take the input into consideration 
and then submitted for manufacturing to ExpressPCB4. 
  
Figure 4.16: Second PCB Design Copper Layer (left) & Screen-print with Through-pads (right) 
 
During testing, documented in Chapter 5, it was determined that some parts were incompatible, 
and the PCB design was imperfect. Additional changes include larger through holes, reducing 
the outputs from 8 to 4, and changing some of the components from top mount to through hole 
(Figure 4.17). 
                                                 
4
 https://www.expresspcb.com/ 
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Figure 4.17: Second PCB Design Copper Layer (left) & Screen-print with Through-pads (right) 
4.6 Summary 
The market for SLA battery chargers is large, but does not include an inexpensive charger that 
can charge multiple batteries over a longer period of time compared to multi-chargers currently 
available. Our project investigates filling the hole in the market and cater to the need for a 
multiple battery, long term charger that can provide a trickle charge to keep the battery fully 
charged in storage. Our design is less expensive than chargers currently on the market, and can 
be tested easily.  
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5.0 Design Testing 
5.1 Introduction 
Before a successful project could have been achieved, comprehensive testing must have been 
completed first. To achieve this need for comprehensive testing, the full system was blocked out 
into separate sections, having both a known input and a desirable output. We then created a 
detailed test plan before any physical testing in order to understand what inputs were available, 
what outputs were expected, and other successful test criteria. Different plans were created for 
both hardware and software, with the hardware plans being measurable, while the software plans 
are more of a flow chart. After block testing met the success criteria, integration testing, where 
we tested multiple blocks together, was completed. Integration testing was required to guarantee 
that the blocks of our system would work together. 
5.2 Test Plans 
This section details the test plans for each separate block of this project. In this section are the 
test plans for the buck converter, the SLA charge controller, the optocoupler switch circuit, and 
the microcontroller. 
5.2.1 Buck Converter 
For the buck converter, the input was known to be 19 Volts with a max current of 3.42 Amperes. 
This input was to be taken from the laptop charger we obtained to turn AC voltage into a usable 
DC voltage.  
5.2.2 SLA Charge Controller 
● Connect to power supply providing 5-20V and measure open load voltages. 
○ Voltage at Batt+ should be no less than 90% of input voltage 
● Connect battery and measure STAT1, STAT2 and Bat+, VFB, RISNS voltages and 
determine the mode: 
○ Bulk: STAT1 on, STAT2 off, when VFB < 2.185V 
○ Boost: STAT1 on, STAT2 on, when Voltage over RISNS > 25mV and VFB > 
2.185V 
○ Float: STAT1 off, STAT2 off, when Voltage over RISNS < 25mV 
○ Bat+ voltage and current will be plotted on a time axis and compared to the 
theoretical plots. 
5.2.3 Output Control 
For the solid-state relays, we needed to test at what voltage the infrared diode turned on, and if 
turned on, a load voltage would be supplied to a lesser voltage source, which would be an SLA 
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battery in the final design. Also, we needed to test that the voltage did not get applied to the load 
when the infrared diode was turned off, or no voltage was being applied. 
5.2.4 Microcontroller 
The selected microcontroller, Texas Instrument’s MSP430F5529, is contained on a Launchpad 
circuit board as shown in figure 5.1, thus testing is focused primarily on the software. 
 
Figure 5.1: MSP430F5529LP Launchpad Test Board 
The purpose of the microcontroller is to connect the components together and perform the task of 
determining which battery is connected. The simplified Software logic flow is shown in figure 
5.2 with the complete code in appendix C. The system works by functioning in an executive loop 
and charging the batteries sequentially. 
 
Figure 5.2: Simplified Software Logic Flow 
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The success criteria for the microcontroller are: 
● Function with 5V input 
● Switch into low power mode and wake after the programmed time period 
● Control 3 sets of outputs simultaneously 
○ Charging Enable (highest priority) 
○ Battery Select (high priority) 
○ 7 Segment Display (low priority) 
●  Read the voltages through the ADC and make comparisons to determine a charge order 
 
5.3 Block Testing 
In this section are images and further explanations for the block testing for the buck converter 
and SLA charge controller. 
5.3.1 Buck Converter 
For the buck converter test, we know we had an input of 19.2V with a max of 2A into the 
converter. The input was taken from the Laboratory DC Power Supply. The underside of the 
board was used to test the output, as it was easier to touch the probes to the pins, as seen in figure 
5.3. 
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Figure 5.3: Testing Buck Converter 
5.3.2 SLA Charge Controller 
To test the SLA charge controller, the top-mount style SOIC was soldered to a through-hole 
adaptor to enable breadboard interfacing. The necessary components were assembled on the 
breadboard and tested with and without a battery (Figure 5.4).  
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Figure 5.4: Initial Testing SLA Charge Control Circuit 
5.4 Block Testing Results 
In this section are the results of the block testing for the buck converter, SLA charge controller, 
optocoupler switch circuit, and microcontroller. 
5.4.1 Buck Converter 
The output of the buck converter was confirmed to be 5V, which was needed to power the 
microcontroller, as shown in the next Figure 5.5. 
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Figure 5.5: 5 Volts Out with 19.2 Volts In, Variable Current 
5.4.2 SLA Charge Controller 
During the first tests for the SLA charge controller, a few issues were found. 
● Both batteries we have were nearly fully charged (around 13V) making it impossible to 
test all modes of operations 
● When batteries are not connected, Rp, the resistor to the ground dissipates all the 
provided voltage. 
● Current is being limited through the power transistor 
To remedy these problems, the circuit was reassessed, and it was determined that the common 
emitter PNP style drive circuit, utilizing Qext and Rp, was the primary problem. Due to the large 
voltage and current required to charge batteries, an external quasi-Darlington was required 
instead (Figure 5.6).  
             
Figure 5.6: Drive Circuits: (Left) Common Emitter PNP, (Right) External Quasi-Darlington 
This change in drive control required the recalculation of all resistors in the circuit. The updated 
values were simulated and tested on breadboard (Figure 5.7). The orange wires on the left are the 
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positive power in, the yellow wires are the status pins, and the green wire is the output provided 
to batteries. This circuit was tested with both available batteries and successfully showed two 
modes of charging each with none of the previous problems occurring. 
. 
Figure 5.7: Updated SLA Charge Control Breadboard Testing 
 
5.4.4 Microcontroller 
For the microcontroller, two software versions were created. The first was the smart battery 
switching software described above, while the second was a simple version that switches the 
batteries in numerical order without ordering based on the voltages. This second software is the 
final version on the prototype. 
5.4.5 Switching Output - Solid State Relay 
For the solid-state relays, they were wired as described in the data sheets and connected to power 
supplies. The power supply on the control inputs was varied from 0-5V and the cutoff to trigger 
the output was measured. 
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5.5 Integration Testing 
After we designed and obtained the printed circuit board, we conducted integration testing. For 
integration testing, our team added one component to the printed circuit board, then conducted a 
simple test to check for functionality. If that test was successful, another component would be 
added, then both blocks were checked for functionality. Then another component was added, and 
checked for functionality. This was continued until the system was completed and the printed 
circuit board was built.  
If a test failed, we were able to see what block was not functioning correctly, and the component 
was then verified to work correctly. If the component was faulty, we selected a replacement and 
the replacement was tested in the faulty components place. This was continued until the block 
was functional.  
5.5.1 Seven Segment Display Test 
The first test we conducted was the seven-segment display. To verify the seven-segment display 
worked, we set up a code to test each segment one at a time, then a designed a new code to 
display numbers through the seven-segment display.  
We noticed that the display was not correctly illuminating the necessary segments and spent a 
full day of work trying to fix the issue in software, only to find that the seven-segment display 
used had an extra ground line than was specified in the data sheet. In the initially tested PCB, this 
extra line was wired to the MSP430 header. It took an extended amount of time to determine 
what the problem was. The solution was to not wire that pin to the MSP430 header on the final 
PCB design. 
5.5.2 Integrate Buck Converter into System 
The next step we took was to power the MSP430 using the buck converter. This was important 
as the buck converter was designed to power the system. There was no failure when testing with 
the buck converter as input to the system. 
5.5.3 Integrate Multiplexer into System 
Adding the multiplexer, we used a timer program on the MCU to cycle through the various 
multiplexer inputs. The outputs of the multiplexer were measured to ensure proper function.  
5.5.4 Integrate Output Control into System 
This is the stage where we encountered the most difficulty. Although a single mosfet test passed, 
when connecting to the multiplexer used to interpret the control signal from the microcontroller, 
we found that the multiplexer was active high style. As p-channel mosfets are active low, this 
would cause all of our mosfets except one to be on, instead of the intended one at a time on. As a 
result, we had to reevaluate and find a different part. What we settled on was a special type of 
LED driver, also known as a solid-state relay. This device allows for low voltage AC or DC 
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signals to switch a high voltage power line. Testing this new part on its own in AC mode with 
the secondary input grounded successfully allowed for bidirectional power transmission on the 
two-load input/output pins. The turn on voltage was measured at 1.3V for the solid-state relay.  
5.5.5 Full System Test 
With the solid-state relays working, the full circuit was ready to be tested (figure 5.8). Using a 
time of 10 seconds per battery, 2 batteries were tested simultaneously. Both batteries were in the 
boost phase of charging and thus, the maximum current of 1.5A was drawn. This large current 
resulted in the quasi-Darlington arrangement of drive transistors to get hot, however everything 
operated within expected margins. 
 
Figure 5.8: Final Prototype Testing 
5.6 Summary 
In this section, the test plans and results were compiled. Testing went through many iterations to 
ensure each component would function as intended; however, there were many failures and 
setbacks once additional components were combined. At the end, there was a working prototype, 
although the prototype differed vastly from the original vision. 
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6.0 Discussion, Summary and Conclusions 
6.1 Introduction 
This section of the report examines what we learned through the project, the marketability of a 
finalized product, and recommendations for future work should this prototype be enhanced. 
6.2 Discussion of Results – What was Learned? 
The completion of this project resulted in a sealed lead acid battery charger that utilized a single 
charge control chip, and had the ability to fully charge up to 4 SLA batteries over the course of a 
few days. After the batteries were fully charged, the charger would provide a maintenance charge 
to each battery, which improved the amount of times a battery could be cycled, which in turn 
improved the lifetime of the batteries.  
Our team also learned a few lessons about the engineering process. They were using group 
members specializations effectively, adjusting to mistakes quickly and appropriately, designing 
printed circuit boards, creating a professional report with detailed steps on our prototype, and 
working as a team to accomplish our design project. 
6.3 Marketability 
The cost of our prototype components added up $37. Our mounting solution added $10 more for 
a total cost of $47. 
6.4 Recommendations for Future Work 
We decided there are four main improvements that could be made if this prototype was finalized 
as a marketable product.  
The first recommendation could be adding additional outputs. Our prototype had 4 outputs from 
the switching circuit, which only allowed for 4 batteries to be charged on the charger. Our 
multiplexer that adjusted the battery charge control signal from the MSP had and output of 8, 
meaning that the PCB could be redesigned for the ability to charge up to batteries. 
Another recommendation would be to enable active power switching. This means that our SLA 
charge circuit would analyze the voltage level of each battery before charging began. This would 
allow the MSP to control which battery gets charged first, based on voltage levels and user 
inputs.  
A third recommendation could be improving the enclosure. Our prototype is mounted on a large 
wooden plank. This allowed the prototype’s components to be easily visible for presentation 
purposes. However, a finalized product would have a professionally designed case, be as 
compact as possible, and still allow ease of use for the customer.  
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Lastly, another recommendation would be to integrate the microcontroller onto the PCB. This 
would allow size to decrease from the final product, which could save money on an enclosure.  
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Appendices 
Appendix A: Data Sheets 
Icstation Buck Converter 
1. Name: Double USB 3A output Step-Down Power Supply Module 
2. Input: 6V-40V (DC5.5 / 2.1 jack, terminals) 
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3. Output: 5V / 3A (MAX) (with Apple identification resistor) 
4. Efficiency: 92% (MAX) 
5. Switching Frequency: 150KHZ 
6. Operating Temperature: -40 ℃ ~ + 85 ℃ 
7. Size: 50mm*35mm*12mm(L*W*H) 
8. Load Capacity: Maximum output 3A (can with two mobile phones at the same time) 
 
http://www.icstation.com/double-step-down-module-buck-converter-power-supply-module-
voltage-regulator-solar-charger-p-8663.html 
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Solid State Relays 
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Link: https://www.mouser.com/datasheet/2/427/vo14642a-279692.pdf 
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SLA Charge Control Circuit 
 
Link: http://www.ti.com/lit/ds/symlink/bq24450.pdf   
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MSP430 
 
Link: http://www.ti.com/lit/ug/slau533d/slau533d.pdf 
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Appendix B: MOSFET Switching Circuit 
This section of the Appendix is information on the MOSFETs that were tested and documented. 
They were not used in the final design of our prototype. 
 
To control which battery is charged or checked for voltage levels, we used P-Channel MOSFETs 
in enhancement mode (Figure 4.8). The charge controller was connected to the source of 8 P-
Channel MOSFETs. The drain of each MOSFET was connected to a terminal going to the 
positive lead of an SLA battery, and the negative lead of the SLA battery was connected to 
ground. The gate of each MOSFET was connected to a multiplexer, or mux. This mux took a 
voltage signal from the microcontroller and sent the voltage signal to a MOSFET the 
microcontroller determined by controlling the mux. The MOSFETs we used have a gate to 
source voltage of +/-20V, meaning from the SLA charge controller, we could charge a battery at 
our calculated Vin value of 19V while the battery being charged had a minimum value of 8V. 
The difference is a maximum of 11V, a little over half of our maximum ratings for the 
MOSFETs. When powered off, a MOSFET prevents the component on the drain side from being 
seen by the charge controller, as it acts as an extremely high resistor. 
 
Figure 4.8. P-Channel Enhancement MOSFET 
At the beginning of the project, our team decided to use N-Channel Enhancement Mode 
MOSFETs at the negative side of the SLA batteries, and connect the positive side of the SLA 
batteries directly to the SLA charge controller. This idea was scrapped as the batteries not being 
charged could affect the battery being charged through the connected positive rail from the SLA 
charge controller. 
To control which battery gets charged, we designed a switching circuit made up of mosfets. 
Depending on what battery we wanted to charge, the MCU would send a voltage to the gate of a 
mosfet. That mosfet would “turn on,” which allowed a current to go from the source to the drain, 
then to the positive lead of an SLA battery we wanted to charge. This switching circuit allowed 
us to charge a specific battery, while having multiple batteries connected at once.  
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For the mosfets, there were a few major characteristics we needed to verify through multiple 
tests. At first, we planned on using N-Channel Enhancement Mode mosfets at the negative 
terminal to control which battery gets charged. We conducted successful tests which verified key 
factors, such as an “on” resistance of 24 Ohms, the ability to handle a drain current of 1 Amps, 
Gate Voltage of around 4 Volts, a small drain to source voltage when “on,” and a high drain to 
source voltage when “off.” 
For the P-Channel mosfets, our tests were similar to the N-Channel. We wanted to verify what 
gate voltage would “turn on” the mosfet, what the “on” and “off” drain to source voltages was, 
what the “on” resistance was, and if it handled the amperage needed to charge our batteries. 
The MOSFET tests proved to be successful. With the gate voltage at 0V, and the circuit setup as 
seen in the test plan section in figure 6.10, the drain to source voltage was equal to the input 
voltage, with a miniscule voltage across the 5 resistors, as shown in figure 6.11. This shows that 
a battery would not be charged with the MOSFET off, as the voltage across the MOSFET would 
be equal to the input, and no a tiny amount would be registered across the battery.  
 
Figure 6.10: Voltage Across MOSFET, Gate Voltage Equal to 0V 
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Figure 6.11: Voltage Across Load Resistor, Gate Voltage Equal to 0V 
When the gate voltage was equal to 4V, and the same circuit was tested, the voltage from drain 
to source on the MOSFET was less than 50mV, and the voltage across the resistors was 13.7V. 
This proves the test a success, as the voltage across the test resistors was almost equal to the 
input, meaning the battery would be able to be charged, and the MOSFET drain to source voltage 
was negligible (Figures 6.12-6.13).  
 
Figure 6.12: Voltage Across MOSFET, Gate Voltage Equal to 4.0 
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Figure 6.13: Voltage Across Load Resistors, Gate Voltage Equal to 4V 
For the MOSFET testing, an adapter board was used with the MOSFET chip, as the pins were 
small, meaning it would have been quite difficult to test without the adapter board. The addition 
of the adapter board meant we could test the MOSFET on a breadboard.  
We tested the MOSFET using five 3 Ohm, 5-Watt resistors in series. This created an equivalent 
resistance value of 15 Ohms and dividing the voltage between the 5 resistors equally. These 
resistors were needed as the MOSFET’s are rated for power applications. The Mosfets, as well as 
the batteries we want to charge, need around 1 Amp, at a maximum of 13.6 Volts. To test for 
these conditions, we needed low resistance values, as well as resistors that could tolerate a high-
power dissipation (Figure 6.6).  
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Figure 6.6: Testing MOSFET with Load Resistor 
 
Appendix C: Code 
#include <msp430.h> 
#include <msp430f5529.h> 
#include <math.h> 
#include <msp430.h> 
 
const int timescale = 900; //seconds per battery (Default 900s = 15min) 
 
//variables 
volatile int count; 
 
 
int savedInput; 
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const int lpLed1 = BIT0;  //lpLED1 on P1.0 
const int lpLed2 = BIT7;  //lpLED2 on P4.7 
 
const int a = BIT6;       //Segment A on P6.6 
const int b = BIT3;       //Segment B on P6.3 
const int c = BIT3;       //Segment C on P3.3 
const int d = BIT0;       //Segment D on P6.0 
const int e = BIT4;       //Segment E on P3.4 
const int f = BIT6;       //Segment F on P1.6 
const int g = BIT1;       //Segment G on P6.1 
 
const int mosEn = BIT1;   //mosEN on P4.1 
const int mos0 = BIT5;    //mos0 on p3.5 
const int mos1 = BIT2;    //mos1 on p4.2 
const int mos2 = BIT6;    //mos2 on p3.6 
 
const int chrgEn = BIT5;  //chrgEn on P6.5 (not used) 
 
//function declarations 
int hex2seg(int input); 
int mosCtl(int input); 
 
int main(void) 
{ 
 WDTCTL = WDTPW | WDTHOLD; // stop watchdog timer 
 // P1.0 LP led1, P1.6 Segs(f), 
    P1DIR |= BIT0 + BIT6; 
    // P4.7 LP led2, P4.1 mosEN, P4.2 mos1, 
    P4DIR |= BIT7 + BIT1 + BIT2; 
    //P3.3 Segs(c), P3.4 Segs(e), P3.5 mos0, P3.6 mos2, 
    P3DIR |= BIT3 + BIT4 + BIT5 + BIT6; 
    //P6.0 Segs(d), P6.1 Segs(g), P6.3 Segs(b), P6.6 Segs(a), P6.5 chrgEn, 
    P6DIR |= BIT0 + BIT1 + BIT3 + BIT5 + BIT6; 
    //6.2 is additional ground 
 
    TA1CCTL0 = CCIE;                          // CCR0 interrupt enabled 
    TA1CCR0 = 0xFFFF; // half second 
    TA1CTL = TASSEL_2 + MC_2 + ID_3 + TACLR;         // SMCLK, contmode, clear TAR 
    __bis_SR_register(GIE); 
    __no_operation();                         // For debugger 
 
    P1OUT &= ~(g + lpLed1); 
    P3OUT &= ~(c + e); 
    P6OUT &= ~(a + b + d + f + chrgEn);  //Makes sure all segments are off 
 
    P4OUT &= ~(mosEn + lpLed2); //turn off multiplexor 
 
 
    while(1){ 
        hex2seg(count / timescale); 
        mosCtl(count / timescale); 
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 } 
} 
 
#if defined(__TI_COMPILER_VERSION__) || defined(__IAR_SYSTEMS_ICC__) 
#pragma vector=TIMER1_A0_VECTOR 
__interrupt void TIMER1_A0_ISR(void) 
#elif defined(__GNUC__) 
void __attribute__ ((interrupt(TIMER1_A0_VECTOR))) TIMER1_A0_ISR (void) 
#else 
#error Compiler not supported! 
#endif 
{ 
    count += 0x01; 
    if (count == 10*timescale){ // 5*2* timescale (5 sections with half second ticks) 
        P4OUT ^= lpLed2; // Toggle P1.0 (to see when count resets) 
        count = 0;     // reset to 0 at 11 (one blank tick) 
    } 
    P1OUT ^= lpLed1;  // Toggle P1.0 (to see the .5 sec tick) 
} 
 
 
//7Seg Decoder Function 
//takes hex input and outputs 7 seg with active high 
int hex2seg(int input){ 
    int out = 0x00; 
    P1OUT &= ~(f); 
    P3OUT &= ~(c + e); 
    P6OUT &= ~(a + b + d + g);  //Makes sure all segments are off 
 
    //template for switch case 
    //P1OUT |= f; 
    //P3OUT |= c + e; 
    //P6OUT |= a + b + d + g; 
 
    switch (input){ 
        case 0x00: 
            P1OUT |= f; 
            P3OUT |= c + e; 
            P6OUT |= a + b + d; 
            out = 0x3F; 
            break; 
        case 0x01: 
            P3OUT |= c; 
            P6OUT |= b; 
            out = 0x06; 
            break; 
        case 0x02: 
            P3OUT |= e; 
            P6OUT |= a + b + d + g; 
            out = 0x5B; 
            break; 
 53 
        case 0x03: 
            P3OUT |= c; 
            P6OUT |= a + b + d + g; 
            out = 0x4F; 
            break; 
        case 0x04: 
            P1OUT |= f; 
            P3OUT |= c; 
            P6OUT |= b + g; 
            out = 0x66; 
            break; 
        case 0x05: 
            P1OUT |= f; 
            P3OUT |= c; 
            P6OUT |= a + d + g; 
            out = 0x6D; 
            break; 
        case 0x06: 
            P1OUT |= f; 
            P3OUT |= c + e; 
            P6OUT |= a + d + g; 
            out = 0x7D; 
            break; 
        case 0x07: 
            P3OUT |= c; 
            P6OUT |= a + b; 
            out = 0x07; 
            break; 
        case 0x08: 
            P1OUT |= f; 
            P3OUT |= c + e; 
            P6OUT |= a + b + d + g; 
            out = 0x7F; 
            break; 
        case 0x09: 
            P1OUT |= f; 
            P3OUT |= c; 
            P6OUT |= a + b + d + g; 
            out = 0x67; 
            break; 
        default: 
            P1OUT &= ~(f); 
            P3OUT &= ~(c+e); 
            P6OUT &= ~(a + b + d + g);  //Makes sure all segments are off 
            out = 0x00; 
            break; 
    } 
    return out; 
} 
 
 
 54 
int mosCtl(int input){ 
    int out = input; 
    /* 
     P4OUT |= mosEn + mos1; 
     P3OUT |= mos0 + mos2; 
    */ 
    if (savedInput != input){ 
        savedInput = input; 
        P4OUT &= ~(mosEn + mos1); 
        P3OUT &= ~(mos0 + mos2); 
        switch (input){ 
            case 0x00: 
                P4OUT &= ~(mosEn + mos1); 
                P3OUT &= ~(mos0 + mos2); 
                break; 
            case 0x01: 
                P4OUT |= mosEn; 
                break; 
            case 0x02: 
                P4OUT |= mosEn; 
                P3OUT |= mos0; 
                break; 
            case 0x03: 
                P4OUT |= mosEn + mos1; 
                break; 
            case 0x04: 
                P4OUT |= mosEn + mos1; 
                P3OUT |= mos0; 
                break; 
            case 0x05: 
                P4OUT |= mosEn; 
                P3OUT |= mos2; 
                break; 
            case 0x06: 
                P4OUT |= mosEn; 
                P3OUT |= mos0 + mos2; 
                break; 
            case 0x07: 
                P4OUT |= mosEn + mos1; 
                P3OUT |= mos2; 
                break; 
            case 0x08: 
                P4OUT |= mosEn + mos1; 
                P3OUT |= mos0 + mos2; 
                break; 
            default: 
                P1OUT &= ~(f); 
                P3OUT &= ~(c+e); 
                P6OUT &= ~(a + b + d + g);  //Makes sure all segments are off 
                out = 0x00; 
                break; 
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        } 
    } 
    return out; 
} 
 
